Polymers are frequently surface modified to achieve special surface characteristics such as antibacterial properties, wear resistance, antioxidation, and good appearance. The application of metal plasma immersion ion implantation ͑PIII͒ to polymers is of practical interest as PIII offers advantages such as low costs, small instrument footprint, large area, and conformal processing capability. However, the insulating nature of most polymers usually leads to nonuniform plasma implantation and the surface properties can be adversely impacted. Copper is an antibacterial element and our previous experiments have shown that proper introduction of Cu by plasma implantation can significantly enhance the long-term antibacterial properties of polymers. However, lateral variations in the implant fluence and implantation depth across the insulating substrate can lead to inconsistent and irreproducible antibacterial effects. In this work, the influence of the sample size on the chemical and physical properties of copper plasma-implanted polyethylene is studied experimentally and theoretically using Poisson's equation and plasma sheath theory. Our results indicate that the sample size affects the implant depth profiles. For a large sample, more deposition occurs in the center region, whereas the implantation to deposition ratio shows less variation across the smaller sample. However, the Cu elemental chemical state is not affected by this variation. Our theoretical study discloses that nonuniform metal implantation mainly results from the laterally different surface potential on the insulating materials due to surface charge buildup and more effective charge transfer near the edge of the sample.
I. INTRODUCTION
Polymers have excellent bulk properties and are widely used in the medical fields, spacecrafts, and automobiles. 1, 2 In many applications, surface treatment is necessary to improve specific properties such as biocompatibility, wear resistance, oxidation resistance, and visual appearance. [2] [3] [4] [5] [6] [7] [8] [9] [10] We have studied Cu and Ag plasma immersion ion implantation ͑PIII͒ into polymers as an effort to enhance the surface antibacterial properties and prolong these effects. 11, 12 Tan et al. have observed that aluminum plasma implantation into Kapton samples can create a metal oxide layer to protect against atomic oxygen degradation in space. 13 Several techniques have been proposed to conduct metal modification of polymers and they include ion beam assisted deposition, plasma assisted deposition, chemical vapor deposition, and physical vapor deposition. [8] [9] [10] 14 However, these methods typically produce a metallic coating on the polymer surface and the durability of the coating is frequently not satisfactory due to the usually poor adhesion between metals and polymers.
Generally, metal ions can be introduced into a polymer surface by two ways. 14, 15 In conventional beamline ion implantation, ions are focused into a beamline, accelerated to a high energy, and implanted into the materials. However, due to the line-of-sight nature of this technique, it may be difficult to accomplish uniform implantation into all surfaces of a specimen that possesses a nonplanar geometry. PIII is another proven approach to alter the surface properties of many materials including polymers. [14] [15] [16] [17] [18] This technique offers advantages such as low costs, small instrument footprint, large area, and conformal processing capability compared to conventional beamline ion implantation. However, PIII into insulating polymers is challenging, as issues pertaining to surface charging, electrical arcing, and plasma sheath distortion result in nonuniformity of the ion dose. 14, 16, 19, 20 It can render the treatment inconsistent and irreproducible. In this work, the relationship between the size of the polymer sample relative to the sample stage and the efficacy of copper PIII is experimentally and theoretically investigated.
II. SAMPLES AND EXPERIMENTAL DETAILS
Polyethylene ͑PE͒ ͑51215B Beijing Huaer Co., Ltd.͒ was used as the substrate. The PE samples with dimensions of 5 ϫ 5 ϫ 0.2 cm 3 ͑large sample͒ or 2 ϫ 2 ϫ 0.2 cm 3 ͑small sample͒ were laid on stainless steel substrates with a diameter of 10 cm and inserted into the plasma immersion ion implanter equipped with a copper cathodic arc plasma source. 21, 22 The metal arc was ignited using a pulse duration of 300 s, repetition rate of 30 Hz, and arc current of 1 A. The copper plasma was guided into the vacuum chamber by an electromagnetic field via a curved magnetic filter to eliminate deleterious macroparticles. Cu PIII was conducted by applying an in-phase bias voltage of −5 kV with a repetition rate of 30 Hz and pulse width of 300 s to the PE samples.
a͒ Author to whom correspondence should be addressed; FAX: ϩ852-27889549; electronic mail: paul.chu@cityu.edu.hk Under these conditions, electrical arcing due to sample charging could be avoided and implantation was observed to proceed smoothly. The working pressure in the vacuum chamber was ͑1-2͒ ϫ 10 −4 Torr and the PIII processing times of the big and small samples were 25 and 10 min, respectively. 14, 15, 17 The elemental depth profiles and chemical states were determined by x-ray photoelectron spectroscopy ͑XPS͒ conducted on a Physical Electronics PHI 5802. A monochromatic aluminum x-ray source was used and the elemental depth distributions were determined using argon ion sputtering. The sputtering rate of 1 nm/ min was approximated using that derived from silicon oxide under similar conditions. 23 Contact mode atomic force microscopy ͑AFM͒ was conducted on a Park Scientific Instrument ͑PSI͒ Autoprobe Research System to evaluate the surface morphology, and the scanned area was 15ϫ 15 m 2 .
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III. RESULTS AND DISCUSSION
After the PE sample with dimensions of 5 ϫ 5 ϫ 0.2 cm 3 ͑large sample͒ has undergone Cu PIII, the surface color is observed to vary laterally, as shown schematically in Fig. 1 . Zone A appears yellow, but on the other hand, zone B still appears transparent and is evidently not altered by Cu PIII. According to our previous investigation, this difference typically stems from the different chemical and physical properties of the samples due to distortion of the plasma sheath. 11, 14, 15, 20 Therefore, XPS is conducted in the three sites shown in Fig. 1 to determine the chemical states and elemental depth profiles. The elemental depth profiles displayed in Fig. 2 demonstrate that Cu has been successfully implanted into the PE surface to form an interlayer in the near surface region. Comparing Figs. 2͑a͒-2͑c͒ , it can be observed that the Cu elemental depth profiles at the different sites are different. The smaller amount of deposited Cu at site 3 ͓Fig. 2͑c͔͒ suggests that less Cu deposition and more Cu implantation take place in the outer region. Consequently, the color of zone B is not altered significantly due to less Cu deposition. This phenomenon can be explained by surface charging of the PE surface during PIII. 20 As shown in Fig. 3 , charge accumulation becomes more severe with implantation time, especially in the center region. 19, 20 Because the charges in the inner region cannot dissipate as effectively as those near the edge, the central region experiences a larger surface potential reduction ͑due to a small equivalent capacitance͒, thereby reducing the implantation efficacy. 20, 24 Therefore, more deposition relative to implantation occurs in the central zone of the PE sample.
In order to determine the effects of charging on the chemical states of the implanted Cu as well as the PE macromolecule chain, the Cu 2p and C 1s XPS spectra are shown in Figs. 4 and 5. Series 1-10 represents increasing sputtered depths. After Cu PIII, Cu has a zero valence or metallic state. This implies that Cu does not bond with the matrix elements. At the same time, the chemical states of C 1s from different sites do not vary. On the other hand, the AFM images acquired from sites 1 and 3 of the Cu PIII and control PE samples in Fig. 6 show that the surface roughens after PIII varies laterally. The central region is rougher than the edge.
To compare the size effect, a smaller PE sample 2 ϫ 2 ϫ 0.2 cm 3 was plasma implanted with Cu using the same conditions described above. The visual appearance of the smaller sample is more uniform after Cu PIII, suggesting that the ratio of deposition to implantation does not vary as severely as on a larger sample. Area A shown in Fig. 7 was depth profiled using XPS and, as shown in Fig. 8 , Cu has also been successfully implanted. The lateral variation from center to edge is much less and similar to the large sample, Cu exists in the zero valence as well. Our results demonstrate that in order to conduct effective Cu PIII, the sample size relative to the sample stage must not be too large.
To further investigate Cu PIII into insulating PE samples, the spatial distributions of the electric field during PIII of the big and small samples are simulated according to Poisson's equation and plasma sheath theory. 20, 24, 25 The results are illustrated in Figs. 9͑a͒ and 9͑b͒, with the various colors representing different negative potential values. In the simulation, it is assumed that the samples have the same temperature effect and the second-order Lagrange's equation is adopted for the finite element analyses. 24, 25 As depicted in Figs. 9͑a͒ and 9͑b͒, although the same bias voltage is applied to both sample holders, the radial variations in the surface potential across the large and small samples are indeed quite different due to the insulating nature of the materials. 20 The net result is that more uniform implantation can be accomplished on a smaller sample, as confirmed by our experiments. It should be noted that our theoretical simulation reveals that on the big sample, the negative potential at the edge is larger than that near the center, thereby affecting both the ion fluence and penetration depth.
IV. CONCLUSION
Cu has been plasma-implanted into insulating polyethylene to investigate the effects of sample size on the implantation results such as deposition to implantation ratio, implant fluences, and so on. Implantation into a large sample is less uniform even though the implanted Cu exists in the metallic state independent of sample size. The results are consistent with numerical simulation conducted based on Poisson's equation and plasma sheath theory. The modeled results reveal more severe nonuniformity in the surface potential on the larger sample during PIII, thereby affecting the implantation efficacy. Our results demonstrate that the size of the sample and, to some extent, the ratio of the sample size to the sample holder size plays an important role.
